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Abstract
Industry 4.0 promises to increase the efficiency of production plants and the quality of the final product. Consequently,
companies that implement advanced solutions in production systems will have a competitive advantage in the future. The
principles of Industry 4.0 can also be applied to shipyards to transform them into “smart shipyards” (Shipyard 4.0). The aim
of this research is to implement an interactive approach by Internet of Things on a closed power-loop test bench equipped with
sophisticated sensors that is specifically designed to test high-power thrusters before they are installed on high-speed crafts,
which are used in passenger transport. The preliminary results of the proposed Internet of Things-platform demonstrates the
efficacy of the decision-making support tool in improving the design of propulsion systems and increasing their efficiency
compared to traditional systems.
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1 Introduction

The term Industry 4.0 (I4.0) was introduced at the Hannover
Messe in 2011. It has since received widespread attention
from industries and governments around the world [1, 2]
as it offers significant opportunities to optimise production
and development through digitalisation [3]. Consequently,
researchers and scholars across the world are closely mon-
itoring the “fourth industrial revolution” [4]. The impact of
I4.0 exceeds the frontiers of industrial production and can
affect all industrial sectors through the establishment of smart
factories [5, 6]. There are numerous approaches to the digiti-
sation of industry depending on the level of industrialisation
in a given country: in developed countries, IT is used to
recover or maintain the competitiveness of industry; while
in developing countries, industrialisation is linked to digiti-
sation [7]. The enabling technologies of I4.0 can effectively
contribute to the digital transformation of an organisation
[8–10] with the goal of sustainable development [11–13].
The so-called fourth industrial revolution promises to offer
digital technologies that will radically change the traditional
architecture of production [14].
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Digital technologies such as the Internet of Things (IoT),
cloud computing, big data analytics, etc. can significantly
improve the connectivity, communication, and automation in
an organisation [15, 16]. In addition, by using sophisticated
sensors, important information can be obtained from process
data [17] to improve production [18] and the effectiveness
and efficiency of the final products [19]. The principles of
I4.0 can also be applied to shipyards [20].

In recent years, several studies have assessed the potential
of additive manufacturing [21] in the ship building sector,
as it offers several interesting opportunities including weight
reduction and performance improvement.

This study evaluates the application of I4.0 at the Liberty
Lines shipyard. Liberty Lines S.p.a., is a leading fast ferry
operator based in Trapani (Sicily), Italy. A case study on the
preliminary transformation of the Liberty Lines shipyard into
a shipyard 4.0 is conducted herein. The aim of this study is
to improve the performance and sustainability of the ship-
building industry by optimising a naval propulsion system.

The preliminary implementation of I4.0 technologies is
established herein through the design of an IoT platform that
can support a test bench that can test and validate an innova-
tive high-power azimuth thruster. The thruster was designed
and built at a scale of 1:1. Once tested, the thruster can be
installed on a high-speed craft (HSC) for passenger transport.
The test bench enables both experimental and final product
testing. The use of I4.0 technologies allows the intercon-
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nection of the test system with the network of the company,
providing remote control andmanagement of the test system.

The IoT platform and innovative test bench integrate the
shipyard production layout with I4.0 logic. To satisfy the
current market demands, Liberty Lines have the following
objectives: 1) to increase the performance and efficiency
of the propulsion plant; 2) to determine a path to gradu-
ally improve the green footprint of the organisation; and
3) to improve the production processes at the company
level. Essentially, these objectives offer a complete digi-
tal transformation of manufacturing that not only includes
the production and management of the shipyard, but also
includes product design and engineering techniques [22].
Furthermore, as the experimental test data can be directly
transmitted to the technical office, engineers can analyse
the data in real-time and to perform an interactive design
to improve the performance of the entire propulsion sys-
tem or critical system components. Remote control and
management are key functionalities that offer the necessary
maintenance and control services, and further increase the
safety of machines that operate at considerable mechanical
stress (high power, high operating pressures, high tempera-
tures, etc.) [23]. The proposed approach allows to create an
innovative environment to support the interactive engineer-
ing with design and development phases that are performed
in parallel rather than in series in order to reduce production
time and costs. Thus, I4.0 offers numerous challenges and
opportunities to industries (e.g., resource efficiency, costs,
work organisation, and synchronisation between ICT—In-
formation and Communications Technology—and people)
to achieve sustainable development [24]. Increases in the
efficiency and effectiveness of the propulsion system can
allow shipping companies to install environmentally-friendly
high-performance propulsion systems with long life-cycles
on naval units, thereby reducing operating costs and increas-
ing profitability. In addition to improving the monitoring of
the propulsion system during its operation [25–28], these
factors contribute to the innovations offered by I4.0 to the
shipbuilding industry (Shipping 4.0).

2 Case study

2.1 The thruster system

Over the past decade, shipping companies have shown a
renewed interest in high-speed crafts (HSCs), especially for
short-haul passenger transport. Hydrofoils have not evolved
significantly in decades and have been set aside by the
industry, while HSCs have become competitive again due
to several important technological innovations [29–32]. Fur-
thermore, the use of light-weight and strongmaterials such as

Fig. 1 Kinematic configuration of the studied POD drivetrain

fibre metal laminates or composite sandwich materials have
led to significant reductions in weight [33–37].

The thruster studied herein is realised in a C-drive con-
figuration, with an engine power of around 2000 kW and
a rotation speed of around 1000 rpm. The first reduction is
obtained by a bevel gear housed inside an aluminium alloy
box inside the hull (upper gearbox in Fig. 1), and a second
reduction is realised by bevel gears housed inside a profiled
box located in the lower end of the stern strut. Propeller shafts
in a contra-rotating configuration are installed in the lower
gearbox.

The designed thruster not only provides propulsive thrust,
but also allows azimuthal rotation to provide maximum
manoeuvrability in port and cruise control in high-speed
crafts, monohulls, or catamarans at 15–40 knots. The design
solutionwas identified after a thorough study of several alter-
natives and is the most suitable solution for rapid and precise
rotation of the struts and effective control of the naval unit.

The azimuthal rotation of the thruster is performed by
two double-acting hydraulic actuators (Fig. 2) whose ends
are connected to the hull structure and the strut, respectively.
This increases the simplicity of construction and contributes
to the reductions in the overall weight and cost.

The azimuthal rotation of the PODs enables high-
precision steering of the vessel and eliminates the need for
rudders.

The kinematic configuration of the drivetrain inside the
lower gearbox (Fig. 1) consists of two contra-rotating shafts
on which the two propellers are fitted. On the ends of the
shafts housed inside the gearbox are two bevel gears that are
rotated by a gear fitted on themain shaft, which rotates inside
the strut.

To reduce the size and weight of the shafts, the gears and
propellers are mounted on the shafts through an interference
fit. The interference fit has been in use for several years and
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Fig. 2 Configuration of the pod rotation system

offers high reliability in the transmission of high torsional
loads. Invariably, this type of coupling is the only solution to
connect a hub to the shaft in the presence of variable loads.
Tightening during assembly is performed by means of an oil
pump system (oil injection method) that expands the pro-
pellers or wheel hub. To do so, the shafts must be equipped
with helical ducts and oil grooves. Injecting oil between two
tapered surfaces creates a thin oil film that reduces the fric-
tion between them and significantly reduces the mounting
force required. The thin oil film also reduces the risk of com-
ponent damage. The system is also used during the process
of extracting the propeller or gears; the injected oil reduces
the required extraction force by up to 90%.

Composite materials with carbon fibres and epoxy resin
were used for the drive shaft inside the hull, which is the
shaft that connects the output of the inverter to the upper
gearbox; the latter was fabricated using an aluminium alloy
casting process. The struts connecting the lower gearbox
of the thruster to the hull were realised using a boxed and
welded steel structure, while the lower gearbox containing
the transmission components was made of cast EN 43300 T6
aluminium, to reduce costs and increase the speed of produc-
tion. The inner bearing seats weremachined by computerised
numerical control machines to allow the housing of the shafts
of the contra-rotating propeller system.

High-strength steel was used to construct the gear wheels
and contra-rotating shafts in the lower gearbox. Furthermore,
during this research, robust solutions were identified for the
seals positioned at the output of the contra-rotating shafts
near the propellers and those positioned at the POD rotation
system that provides thrust orientation.

2.2 The test bench

To determine the performance of the system, the thruster
must be operated at full-load and maximum rotation speed.
Ideally, the gearbox should be tested under the exact same

Fig. 3 General layout of the mechanical closed power loop test bench

conditions it would encounter during actual use. However,
reliable reproductions of actual conditions in laboratory envi-
ronments are often impractical.

The technique of transmitting the maximal power through
a gearbox by performing the actual application is known as
a power dissipation test. When the rotation speeds and rated
power of a given transmission are relatively low, the power
dissipation test is preferred to other solutions, which are often
more expensive. However, when the rated power of the gear-
box is high, the power dissipation test is often impractical as
it requires the use of a motor unit and a high power braking
unit. This can increase the cost of the test equipment, and a
large amount of power must be dissipated using a hydraulic
brake [38] or dynamometer during testing.

Closed power loop test benches enable the testing of
transmissions with a high rated power at relatively low oper-
ating costs. This type of mechanical test bench requires the
implementation of a back-to-back connection between two
identical gearing sets (primary and secondary, see Fig. 3).
The two gearsets to be tested were connected to each other
in a closed loop circuit and the rotation of the connect-
ing shafts was started, after which a mechanical system
(torque-applying device) applied the torque generated dur-
ing operation.

The torque-applying device was specifically designed for
this study. Existing devices have several differences in terms
of their mechanical and hydraulic systems. The designed
torque-applying device also differs from those available in
existing literature [39], in that the relative rotation of the
end flanges, which generates the test torque, is achieved by
means of an innovative kinematic system (patent applica-
tion number: 102019000011031). The main advantage of
the torque-applying device developed herein is that unlike
those in existing literature, the components are not subjected
to significant centrifugal forces due to the effect of rotation.
Moreover, the device does not require a rotating distributor
as the hydraulic cylinder is positioned outside the machine in
a fixed position and is not subjected to any rotation. The nec-
essary thrust is generated by means of a leverage to realise
the test torque. Notably, the system developed herein is more
compact and less expensive as the hydraulic actuator can be
selected from those available on the market.
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Fig. 4 CAD model of the test bench

Fig. 5 Overview of the
assembled test bench

Figures 4 and 5 show a front view of the designed test
bench in the back-to-back configuration and an overview of
the assembled test bench, respectively.

Figure 6 shows the torque-applying device that generates
the torque.

An electric motor with a maximum power of 300 kWwas
used to move the shafts of the two thrusters. The maximum
rotation speed was 990 rpm. Figure 7 shows the connection
between the motor shaft and the kinematic chain using 8
belts.

2.3 IoT platform

As mentioned previously, the test bench evaluates the effec-
tiveness and efficiency of the propulsion system, which is
one of the most critical components of a naval unit. In the
absence of experimental tests, it is entirely possible that a
new propulsion system installed on a naval unit could be
damaged within a few hours of operation. This would cause
significant hardship to the ship-owner, affecting service and

resulting in lost profit and reputation. This, in addition to the
fact that multiple external companies are generally involved
in the production of the various components of the propul-
sion system, makes the experimental tests performed on the
test bench extremely important.

The development of a smart IoT platform connected to the
test bench can help integrate the data detected by the sensors,
enabling the quick solution of critical issues that may arise
after the design and/or realisation of the thruster components.
Therefore, several aspectsmust be addressed in the definition
of the IoT platform.

In particular, themacro-functionalities implemented in the
platform must include:

1) The thruster components (drawings, technical specifica-
tions, computer-aided design (CAD) models, etc.)

2) The control parameters during the test run (rotation
speed, rated power, applied torque, etc.)

3) The real-time values (and maximum values) of temper-
ature, pressure, and strain
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Fig. 6 Torque-applying device installed on the test bench

Fig. 7 Connection between the electric motor and the test kinematic
chain

4) Information regarding the manufacturer of a specific
component (the shipyard or an external company).

Another feature is the activation of specific alerts that
inform the user when the values measured by the sensors
exceed the limit thresholds. Furthermore, a graphic compar-
ison (pie charts, bar charts, etc.) of the experimental data
recorded after each test can provide the information required
to evaluate the improvements in system efficiency.

3 Experimental tests and data analysis

The torque values were measured using strain gauge rosettes
(Fig. 8) and torque transducers were installed on the drive

Fig. 8 Wireless torque sensor for rotary torque measurement

shafts. Electrical strain gauges were connected to the wire-
less torque transmitter, which sent the signal to the receiver
installed on a workstation. This setup provides accurate and
reliable torque data.

Electrical strain gauges were also installed on the test
bench frame and the pod struts to compare the strain recorded
during the experiment with that obtained from finite element
analyses [40–43].

Optimum lubrication of the transmission components
during power transmission plays a key role in the proper
functioning and long service life of the roller bearings. Essen-
tially, lubrication creates a film that separates the two contact
surfaces, preventing wear and premature fatigue failure. In
addition, proper lubrication extracts heat from the internal
elements, allows proper heat exchange, and ensures that the
bearing works at optimum operating temperatures during its
service life. Quick identification of a sudden increase in tem-
perature can prevent bearing damage and the resulting failure
of the thruster.

The cylindrical roller bearings and the single row tapered
roller bearings in the thruster are thermally stabilised up to
temperatures of 150 °C. Therefore, this value represents a
limit beyond which the rolling elements would be damaged
or the raceways would experience rapid wear, thereby com-
promising the operating quality of the thruster.

Temperature data are influenced by the heat exchange that
occurs with the air-conditioned laboratory environment dur-
ing the experiment, and the heat exchange that occurs with
water during actual operation. However, this study evaluates
both the geometric configuration and the lubrication condi-
tions, leading to a more functional use of the roller bearings
selected to support the transmission shafts.Appropriate lubri-
cating oil injectors (Fig. 9) that provided punctual and precise
lubrication of the parts subjected to wear were used to lubri-
cate the bearings and bevel gears of the upper gearbox. In
particular, compared to splash lubrication (oil bath method),
the experimental results demonstrated a reduction of approx-
imately 15% of the dissipated power.
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Fig. 9 Injectors used for the lubrication of the upper gearbox transmis-
sion components

Figure 10 denotes the positions at which eight PT100
thermo-resistance sensors were installed to detect the instan-
taneous temperature during operation. Four sensors were
positioned on the bearings of the upper gearbox (sensors T1,
T2, T5, and T6), while the other four were installed on the
cylindrical roller bearings positioned near the contra-rotating
propellers (sensors T3, T4, T7, and T8).

The cylindrical roller bearings on which sensors T3, T4,
T7, and T8 were installed prevent the optimal lubricant
supply required on the contact points between the rolling ele-
ments and the raceways due to their proximity to the thruster
propellers.

At themaximummotor power and rotation speeds of close
to 1000 rpm, the possibility of optimal heat dissipation from

Fig. 11 Trends of the applied torque and motor power during the exper-
iments

the bearing is drastically reduced. To ensure the operational
life of the bearing, more expensive supply and sealing sys-
tems are required. These supply ducts should be as short
as possible, face the lubrication holes of the roller bearings
directly, and provide a separate duct for each bearing.

Using the test bench to test the validity of the proposed
solutions, the oil inlet ducts were redesigned. This increased
the heat dissipation capacity. Several tests were conducted
at various torque values using the torque-applying device.
Initially, the electric motor was operated with no load, i.e.,
without the introduction of torque in the closed-loop circuit.
Without additional torque, the power provided by the elec-
tric motor must only overcome the friction in the bearings
and gear wheels. The system was kept in rotation for an ini-
tial duration of 10 min. Subsequently, torque was introduced
according to the load diagram shown in Fig. 11. The figure

Fig. 10 Location of temperature
sensors on the thrusters
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Fig. 12 Temperature values recorded by the eight sensors during the
experiments

illustrates the trend of the torque introduced into the system
and the power values of the electric motor with time. The
total test duration was approximately 3 h, during which the
two thrusters continued to rotate under the applied load.

Figure 12 shows the temperature values recorded by the
eight sensors installed on the roller bearings (Fig. 10).

As shown in Fig. 12, sensors T3 and T4 recorded non-
optimal temperature values towards the end of the test due to
the inadequate lubrication of the bearings. Therefore, the oil
supply ducts must be redesigned to ensure adequate dissipa-
tion of the heat produced during the load test. A screenshot
of the IoT platform is shown in Fig. 13. The figure shows

Fig. 14 Temperature values recorded by the eight sensors during the
experiments after redesigning the oil supply ducts

the real-time display of the temperature data recorded by the
eight sensors. Notably, the IoT platform enables the record-
ing of data during the tests, and a comparison and analysis
of the results of different tests.

Figure 14 shows the trend of the temperature values
recorded by the eight sensors after repositioning the lubri-
cating oil injectors and redesigning the oil supply ducts.

As shown in Fig. 14, considering the temperature values
recorded by sensor T4 towards the end of the experimental,
the redesign of the lubrication system reduces the tempera-
ture of the bearing by approximately 27%.

Fig. 13 The IoT platform:
real-time display of the
temperature recorded by the
eight sensors
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4 Conclusions

The preliminary implementation of I4.0 on a prototype test
bench for a high-power azimuth thruster under full load con-
ditionswas studied, designed, and validated. To set up the test
bench with I4.0 capabilities, IoT sensors were used to col-
lect and record the data, and a decision-making support tool
was developed. The research objects—the test bench and the
azimuth thruster—were equipped with the sensors to record
the data to be analysed. Subsequently, data analysis was used
to evaluate the efficiency of the product and the operating
process. After testing and validation, the azimuth thruster
can be installed on a high-speed craft for passenger trans-
port. In accordance with previous experimental results, the
main parameters that affect the efficiency of the system—the
strain of themechanical parts, the operating pressure, and the
temperature—were recorded herein.

Based on the analysis and processing of the temperature
data recorded during the tests, the oil supply ducts were
redesigned and the lubricating oil injectors were reposi-
tioned. This decreased the temperature of the roller bearings
by approximately 27%. Moreover, compared to splash lubri-
cation (oil bath method), the optimisation of the lubricating
oil injection method in the upper gearbox reduced the power
dissipation by approximately 15%. These results not only
increase the life of the transmission components, but also
increase the effectiveness and efficiency of the entire propul-
sion system. Additional advantages include a decrease in
noise levels and vibrations, compactness, and reductions
in weight, fuel consumption, installation, and maintenance
costs. Theused approach contributes to the development of an
innovative environment to support the interactive engineer-
ing where the design and development phases are performed
in parallel rather than in series in order to reduce production
time and costs.

In conclusion, the preliminary results obtained using the
IoT platform can help the company to achieve its goal of
improving the performance, efficiency, and sustainability of
the propulsion system. To fully exploit the potential of the
IoT platform developed herein, further studies must be con-
ducted to manage the entire production process of the naval
unit and interconnect the platformwith businessmanagement
systems.

Future studies will focus on the realisation of a digital
replica of the propulsion plant that can overcome the lim-
its of traditional design, which requires several expensive
experimental tests to validate the project.
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